Many interesting proteins possess defined sequence stretches containing negatively charged amino acids. At present, experimental methods (X-ray crystallography, NMR) have failed to provide structural data for many of these sequence domains. We have applied the dihedral probability grid-Monte Carlo (DPG-MC) conformational search algorithm to a series of N-and C-capped polyelectrolyte peptides, (Glu)zo, (Asp)zo, (PSer),,, and (PSer-Asp),,, that represent polyanionic regions in a number of important proteins, such as parathymosin, calsequestrin, the sodium channel protein, and the acidic biomineralization proteins. The atomic charges were estimated from charge equilibration and the valence and van der Waals parameters are from DREIDING. Solvation of the carboxylate and phosphate groups was treated using sodium counterions for each charged side chain (one Nai for COO-; two Na for CO(P0,)-2) plus a distance-dependent (shielded) dielectric constant, E = t o R , to simulate solvent water. The structures of these polyelectrolyte polypeptides were obtained by the DPG-MC conformational search with €0 = 10, followed by calculation of solvation energies for the lowest energy conformers using the protein dipole-Langevin dipole method of Warshel.
Contiguous sequence repeats of negatively charged amino acids (e.g., Asp, Glu, or posttranslationally modified Glu, Ser, Thr, and Tyr) occur occasionally in proteins (Gorski, 1992) . Some examples of polyanionic sequences can be found in parathymosin (Frangou-Lazaridis et al,, 1988) , calsequestrin (Scott et al., 1988; Zarain-Herzberg et al., 1988) , aspartactin (Clegg et al., 1988) , and the sodium channel protein (Noda et al., 1984) . A preponderance of polyanionic sequences are also found in the acidic template protein superfamily (Table 1) . This superfamily of proteins plays an important role in controlling crystal and amorphous mineral growth in the process of biomineralization (Mann, 1988; Lowenstam & Weiner, 1989) . Under solution conditions, polyanionic sequence stretches would be expected to exhibit polyelectrolyte behavior; that is, they would exist as charged species with counterions condensed along the volume of the repeat sequence (Manning, 1969a (Manning, , 1969b (Manning, , 1978 Record et al., 1978) . Polyelectrolyte conformation and dynamics are significantly affected by factors such as pH, solution ionic strength, and the chargehadius ratio of the counterion(s) (Krimm & Mark, 1968; Manning, 1969a Manning, , 1969b Manning, , 1978 Manning & Holtzer, 1973; Record et al., 1978; Seidel, 1994) . Hence, polyelectrolyte anionic sequences in proteins may play an important role in protein-ion and protein-protein interactions, solvation, and protein folding. However, due to conformational lability and other factors, experimental determination of polyanionic polypeptide conformational states (e.g., X-ray crystallography, NMR spectroscopy) has proved difficult .
As an adjunct to experimental methods of protein structure determination, theoretical methodologies have been developed and applied toward determining the native conformation (i.e., the global minima) of globular proteins (Anfinsen, 1973) . Methods developed to search conformational space include Monte Carlo conformational search (Holm & Sander, 1992; Nayeem et al., 1992; Carlacci & Englander, 1993; Evans, 1993; Evans et al., 1995) , on-lattice search methods (Lau & Dill, 1989; Kolinski & Skolnick, 1994) , off-lattice search methods (Gregoret & Cohen, 1991; Gunn et al., 1994) , and genetic algorithms (Goldberg, 1989; Dandekar & Argos, 1994) . These methodologies have not been applied to the problem of determining polyan- ionic polypeptide structure. In part, this may be due to the problem of accurately modeling the considerable electrostatic interactions existing in these systems, as well as the problem of how to best represent solvent effects and counterions (either implicitly or explicitly) during the simulation process. Our aims are: ( I ) to develop computational methods for rapidly exploring the preferred solution conformation(s) of polyelectrolyte polypeptide sequences; and (2) to determine the stabilizing interactions (hydrogen bonding, electrostatic, etc.) that define the conformational ensemble.
Thus, we begin with a simple level of theory and validate the approach against a structural benchmark. We assume that the conformation of polyanionic polypeptides is influenced by amino acid-specific secondary structure and side-chain interactions. Experimental evidence for this hypothesis has been established with structural studies of ~oIY-L-GIu, POIY-L-AS~, and copolypeptides of L-GIu and L-Leu. I t was shown that poly-^-Glu and poly-~-Asp exhibit abrupt changes in Na+ activity coefficients, compared to simple synthetic polyelectrolytes (Berger & Katchalski, 1951; Ascoli & Botre, 1963) . This evidence inferred the presence of structural stabilization in polyanionic peptides. Furthermore, Fasman and others (Fasman et al., 1962 (Fasman et al., , 1964 , using L-GIu and L-Leu copolymers, demonstrated that addition of L-Leu in the sequence increases the helical stability of the Na+ salt form of poly-~-Glu. This was attributed to hydrophobic interactions arising from the presence of Leu in the prptide sequence (in addition to backbone and/or side-chain hydrogen bonding). Protein database searches show that the 20 amino acids exhibit a range of dihedral angle preferences (4, 4 , x) in protein crystal structures (Rooman et al., 1991; Abagyan & Totrov, 1994; Evans et al., 1995) that reflect steric information encoded in the protein structures themselves (Mathiowetz, 1993; Evans et al., 1995) . That is, specific combinations of amino acids lead to the creation of specific folds (Bowie et al., 1991) . Thus, experimental studies of polyanionic polypeptides and database analyses both indicate that polyanionic sequences adopt folds that are influenced by amino acid side-chain type.
The dihedral probability grid-Monte Carlo method is a database-driven conformational search algorithm developed to rapidly search polypeptide conformational space (Mathiowetz, 
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1993; Evans et al., 1995; . In this method, the choices of internal coordinates are guided by sidechain-specific dihedral angle probabilities that are based on a collection of known protein crystal structures (Mathiowetz, 1993; Evans et al., 1995; . The DPG-MC algorithm successfully predicted the secondary structures of two polypeptides: ( I ) S3, a 20-residue polypeptide that adopts a right-handed a-helical conformation (contiguous from residue 2 through residue 15) (Lyu et al., 1993; Evans et al., 1995) ; and (2) the integrin receptor peptide, a 7-residue polypeptide that assumes a Type I1 0-turn in solution (Johnson et al., 1993; Evans et al., 1995) . The DPG-MC method was shown to be free of starting structure bias (Evans et al., 1995) . Herein we apply the DPG-MC algorithm to the problem of determining polyanionic polypeptide conformational states. AS a benchmark, we chose p~l y -~-( G l~) , , a polyelectrolyte polypeptide extensively studied by UV absorption and CD spectroscopy. For ionic strengths at or exceeding the physiologic range (i.e., 20.1 M NaCI), the preferred peptide conformation for the Na' counterion form is a right-handed a-helix (560% helical) (Ascoli & Botre, 1963; Fasman et al., 1964; Krimm & Mark, 1968; Sat0 et al., 1993) . Using N"-acetyl-L-(Glu),,-C"-amide as the model, we constructed a COO-form in which each 6-carboxylate group is assigned a single Naf in a nonbonding geometry (Fig. I) . Using a branching algorithm (Abe et ai., 1984) , the Na atom is assigned to each side chain as a branch atom off the polypeptide backbone and moves with the side chain during the dihedral motion generated at each DPG-MC step. This approach is consistent with the counterion condensation model, in which the deprotonated state of the polypeptide is neutralized electrostatically by counterions that cannot be diluted away from the polymer surface (Schmitz & Yu, 1988; Manning, 1969a Manning, , 1969b Manning, , 1978 . We find that poly-~-(Glu),,, Naf prefers righthanded a-helical conformations. In addition, this approach was used to determine the low-energy conformational states for a number of representative capped polyanionic polypeptide sequences: L-ASP,,,, r-(PSer)20, and L-(PSer-Asp),, (Weiner, 1983; Oldberg et ai., 1986; Sabsay et al., 1991; . We find sequence-dependent conformational preferences for these polypeptides.
Results

Charge distribution on Na-peptide complexes
Charges were obtained using the charge equilibration method (Rappe & Goddard, 1991) , which leads to a consistent treatment of charges for counterions and/or side-chain atoms ion paired with the metal atoms.
We calculated the charges for Nacounterion peptides in the extended secondary structure. These side-chain atom charges will influence the folding of the peptide into an energy-stabilized conformation. In addition, the peptide backbone charges influence the intrapeptide interactions along the chain (via dipole-dipole interactions) (Bellido & Rullman, 1989) . Ab initio quantum chemistry calculations have shown that the partial charge on C, depends strongly on the residue type and, to some extent, on the side-chain conformation (Bellido & Rullman, 1989) . As shown in Figure 2 , QEq generates consistent peptide backbone charges. With the exception of Na atoms (see below), the average standard deviation ob- tained for each heteroatom was found to be <O.Ol charge units, whereas the deviation for hydrogen atoms was <0.001 charge units. This holds true for different sequence arrangements of Asp and PSer.
A comparison of the mean partial atomic charges obtained for the side-chain and Na atoms (Fig. 2) reveals that QEq assigns consistent values (within statistical error) for carboxylate and monophosphate ester atoms in each peptide, regardless of the sequence or the residue length. The QEq charge values for Na range from QNa = 0.7 to 0.9 (Fig. 2) , which are plausible values for this ion. Indeed, variations in QNa values are of interest. For Na atoms ion paired with a carboxylate group, the Na partial atomic charge values (QNa = +0.81 for Aspzo, +0.86 for COO-of (PSer-Asp),,, +0.78 for Gluzo) were found to be very similar regardless of the sequence. However, the Na atom pairs assigned to the monophosphate ester, while similar in average charge ( Q N~ = +0.68 to +0.79), exhibited a larger degree of variation (SD: kO.08-0.19) within a particular peptide-Na cluster (e.g., in (PSer-Asp),,,, Fig. 2 ). Because the geometries of the side chains and Na atoms are fixed identically in the starting structures, the variation in phosphate-specific Na charge assignments must result from nearest-neighbor Coulombic interactions (i.e., the influence from nearby monophosphate groups).
Analysis of poly-r-Glu potential energies
To determine the effects of the dielectric constant eo on conformer selection during the DPG-MC runs, we examined the potential energies obtained for the benchmark peptide, N"-acetyl-poly-L-(Glu)20-C"-amide, in the Na counterion form (abbreviated as GluCOONa) (Fig. 3) . The following trends were observed in the potential energies for GluCOONa as is increased from 1 to 80:
The electrostatic potentials decrease toward zero, becoming relatively constant in the range of 10 I eo 5 80 (Fig. 3) . The valence and van der Waals potentials decrease by
The hydrogen bonding interactions increase rapidly from I 5 E , 5 10, then remain constant. The free energy of solvation, ACT', and the Langevin dipole free energy, AClunrr both decrease as to increases (Fig. 3 ). The other POLARIS energy terms, ACBorn and TAS, were unaffected by eo (Evans, 1993) . This is not surprising, because we are not introducing any variations in hydrophilicity or hydropathy. Interestingly, for 2 10, both potentials experience Based on these analyses, we believe that the optimal dielectric for screened distance-dependent Monte Carlo simulations of polyanionic polypeptides is to = 10. With to < IO, the Coulombic energies seem to be unrealistically negative (leading to larger, more unfavorable valence and van der Waals interactions), whereas there are no significant changes in the energies for eo z 10. In addition, the PDLD grid-peptide dipole interaction energies are optimal for to 2 10.
50-100%.
Dihedral preferences for poly-r-Glu,, as a function of E(,
We next examine the 4, $, and x ' 3 2 , 3 preferences and structures for the four lowest energy GluCOONa peptides as a function of Eo (Figs. 4, 5 ) . Here, the energy is considered as the sum of the internal energy (using DREIDING) plus the external energy from POLARIS. (The DREIDING energy uses to = 1 because the POLARIS calculations are performed at the same dielectric value.) The 4, $ Ramachandran plots lead to two major populated regions ( (Fig. 5 ) , we find very little agreement for x ' , x 3 distributions. The greatest variation is in the x 3 dihedral, which involves the Cf, carboxylate group. This is plausible because the positioning of individual carboxylate side-chain groups on the peptide surface is influenced by electrostatic and van der Waals interactions with other neighboring side chains and with the counterions. Thus, DPG-MC selects poly-~-Glu low energy conformations primarily on the basis of ( I ) residue-dependent secondary structure, and (2) side-chain torsions that optimize nonbonding interactions. The choice of E,) affects the selection of side-chain conformers and (to a lesser degree) the conformer secondary structure.
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Comparison of GluCOONa structures
The +, $ distributions for the four lowest energy GluCOONa conformers (to = 10; Fig. 6A ) indicate a preference for righthanded a-helix conformations. This is also evident from the C, traces and the all-atom representations for the lowest energy ensemble (Fig. 6B) . As shown in Table 3, this ensemble has 47% average helicity, with &strand and 0-turn structures each comprising less than 10%. This value of 47% is close to the experimentally determined values (55-60Vo) for the sodium salt form of poly-~-Glu in solution (Ascoli & Botre, 1963; Fasman et ai., 1964; Krimm & Mark, 1968; Sato et al., 1993) . The backbone RMS Cartesian coordinate deviation (RMSD) for conformers in our ensemble is 5.1 A , indicating significant structural variations within this ensemble. Some of the peptides feature nonhelical regions at the N-and C-termini, consistent with the end unraveling common to some a-helical peptide structures in solution (Lyu et al., 1992; Scholtz et ai., 1993; Zhou et al., 1993) . These nonhelical end regions (2-3 residues in length) feature backbone 4, $ torsions that are 0-strand, 0-turn, or other secondary structures (Fig. 6A,B ). Nonhelical $, $ dihedrals are also found in 2-3-residue regions within the internal portion of the GluCOONa polypeptide (Fig. 6B ).
Lowest energy conformational ensembles for Aspund PSer-containing polyanionic polypeptides
We now examine the structural preferences for other Na+ polyacidic sequences containing Asp and PSer residues. Using E,, = 10, we generated a low-energy conformational ensemble for each model peptide series (Fig. 7) . The dihedral populations (i.e., Vo helix, To 6-sheet, Yo P-turn) are tabulated in Table 3 for each low-energy ensemble. In addition, a fit of the C, backbone conformations was performed for each ensemble (Fig. 8A ,B,C). The mean RMSDs of backbone C, positions for Asp,,, (PSerAsp),,, and PSer,,, low-energy ensemble ( n = 4) are 7.3 A, 5.9 A, and 8.0 A , respectively. We observed the following trends: 1. For all sequences, the right-handed a-helix backbone percentage is small (~2 0 % ) .
There is a definite preference for @-turn and P-strand structures (Figs. 7, 8A ,B,C; Table 3 ). 2. A significant percentage (>30%) of conformer backbone dihedrals was observed to lie outside the range for the three types of secondary structures examined. Of the three polypeptides, the PSer-Asp,, sequence exhibited the smallest content of other secondary structures (Table 3 ; Figs. 7, 8A,B,C). 3. The helix, turn, and strand preference was observed to be sequence dependent ( Table 3) .
As noted for the GluCOONa conformational ensemble, the RMSD for C, positions indicates significant structural differences within each ensemble. The RMSD values obtained for PSer,,, Asp,,, and PSer-Asp,, are larger than the RMSD value for GluCOONa. An examination of the C, traces reveals that there are qualitative structural similarities among the conformers within each PSer and Asp sequence family:
ASP20
Secondary structures for this peptide reveal a 2: 1 : 1 ratio for @-turn:@-sheetxight-handed a-helix ( Fig. 8A ; Table 3 From the four-member low-energy ensemble, the global minimum structure was selected on the basis of the total potential energy (the internal energy from DREIDING [calculated at t o = l] plus the external energy from POLARIS). In A, the dihedrals are presented for the global minimum structure; in B, the four-member low-energy ensemble (including the global minimum structure) is presented in terms of the C, virtual bond representations. For the representations in B, a fit of atomic coordinates was performed for each ensemble structure. Alongside the C,, traces are a ball-and-stick representation of the global minima structure. Note that two of the four low-energy conformers in this ensemble in B are nearly identical. Hydrogen atoms are removed for clarity. DREIDING atom-type color legend: blue, nitrogen; red, oxygen; lavender, Na; gray or light blue, carbon. " " " " " " " " " " " -a Percentages were determined from the total number of dihedral 4 . 4 pairs (n = 76) taken from the four best accepted structures for each sequence. Classification of torsion angle ranges for defined secondary \tructures is given in Figure 4 tide ensemble clearly adopts a collapsed coiled tertiary structure featuring a number of turns or bends (Fig. SA) .
(PSer-Asp),, This heteropolymer features a 3:2:1 ratio for (3-sheet:P-turn:cyhelix, differing significantly from the structures of either Asp or PSer homopolymer ( Fig. 8B; Table 3 ). This peptide ensemble also features the lowest amount of other secondary structures. The resulting combination of sheet, turn, and helix gives rise to a superturn or C-shaped structure (Fig. 8B) .
PSer,,
The PSer homopolymer features a nearly 1: 1 ratio of @-turn: 0-sheet dihedral preferences, with very little preference for a-helical structure ( Fig. 8C ; Table 3 ). Compared to Asp,,, the PSer,, peptide ensemble is less coiled and possesses short regions of strand and turn combinations that give rise to a collapsed bend or hairpin structure (Fig. 8C) . Thus, the preference for dihedral pairs that each sequence exhibits (Table 3) translates into a unique secondary/tertiary structure for that particular sequence (Figs. 7, 8A ,B,C).
Structural preferences and polyelectrolyte theory
Examination of the lowest energy conformers suggests that sequence-specific backbone and side-chain arrangements optimize the electrostatic interactions. It has been observed experimentally that delocalization of cations can occur along the length of the polymer if the nearest-neighbor charge spacing is sufficiently close such that two or more groups can cooperate in holding the cation (i.e., effective multivalency) (Manning, 1978) .
Experiments have also shown that in the presence of counterions, polyelectrolyte chains behave as flexible coils in solution (Krimm & Mark, 1968; Schmitz & Yu, 1988; Heath & Schurr, 1992) . The polyanionic sequences in our study feature either hedral pairs were obtained for all accepted structures (n = 4) using E,) = IO. Major 9, $ regions are defined as shown in Table 2 I B I 1 h * I Fig. 8 . C , trace and ball-and-stick representations of accepted and best Asp-and PSer-containing polyanionic polypeptide conformers, eo = IO. For the four-member low-energy ensemble, the global minimal structure was selected on the basis of DREID-ING (calculated at eo = 1) + POLARIS potentials, and a C , fit of atomic coordinates was performed for each ensemble structure. Alongside each set of traces are ball-and-stick representations of the global minima structure. A: Aspzo. B: (PSerasp),^. C: PSer2,. For PSer-Asplo, two of the four low-energy conformers in this ensemble are nearly identical and thus overlap.
Hydrogen atoms are removed for clarity. DREIDING atom-type color legend: yellow, P; blue, nitrogen; red, oxygen; lavender, Na; gray or light blue, carbon.
side-chain clustering and/or coiling conformations, which would promote Na+ clustering effects (Figs. 6B, IA,B,C) . Counterion delocalization is also evidenced by the mean Na-0 distances calculated for the phosphate and carboxylate complexes (Table 4) ; the mean phosphate and carboxylate oxygen-sodium distances are found to be within +O. 1 A, indicative of uniform positioning of counterions between closely spaced anionic side chains.
The GluM, Asp,, and PSer2, homopolymers possess a uniform distribution of charged groups along the length of the polymer chain. Hence, chain collapse enhances counterion delocalization. In contrast, the (PSer-Asp),, sequence consists of polyion groups (PSer) alternating with monovalent ion groups (Asp), leading to an axial charge density of the polymer that fluctuates over its length. Thus, the (PSer-Asp),, conformational ensemble features partial segregation of the PSer and Asp groups on opposite sides of the peptide bond along the chain (Fig. 8B) . Apparently, (PSerAsp),, maximizes PSer Na-0 clustering by backbone twisting, arranging the PSer groups so that Na atoms can be shared by adjacent PSer groups. The PSer-PSer clustering is favored electrostatically over the weaker PSer-Asp clustering where Na diffusion would be restricted. Thus, chain collapse in (PSer-Asp),, is more oriented than for the homopolymer cases. Consequently, the (PSer-Asp),, peptides adopt a compact C-shaped structure that features segregation (<70%) of the Asp side chains from the PSer side chains. Thus, electrostatic optimization induces clear conformational differences between polyanionic sequences.
Collectively, these simulations indicate that polyanionic sequences prefer coiled or collapsed conformations that provide a dense electrostatic molecular environment that permits cation delocalization and minimizes electrostatic repulsion within the a Mean distances computed for each assigned side-chain-Na cluster ( n = 100 total Na-0 pairs) within the low-energy ensemble of each peptide sequence.
complex. These theoretical results are consistent with polyelectrolyte theory and are also consistent with experimental evidence regarding polyelectrolyte chain conformations and ion distribution in solution (Manning, 1969a (Manning, , 1969b (Manning, , 1978 Katchalsky, 1971; Le Bret, 1982; Schmitz & Yu, 1988; Heath & Schurr, 1992; Sato et al., 1993; Seidel, 1994) .
Discussion
We have approached the problem of defining the solution conformation of a conformationally elusive family of proteinpolymer structures (namely, polyelectrolytes) by the use of a Metropolis Monte Carlo sampling algorithm (DPG-MC) and a generic microscopic force-field description of the electrostatic interactions. We describe a simple strategy to treat the monovalent counterions in nonbonding interactions with mono-and polyion groups along the length of the peptide chain by ( I ) allowing each counterion to remain with its side chain during random walk variations in the dihedral angles along the polypeptide chain, followed by (2) reoptimizing the positions of the counterions during a final minimization to relax the structure.
This provides a simple but effective way of modeling both solvation of the charged groups of polyelectrolyte and counterion clustering.
Using poly-~-Glu as a benchmark, we find that E = t o R with eo = 10 seems to best simulate the solvation effects of the water electrostatic forces between the cations and the anionic sites and between anionic side chains. This gives reasonable results in terms of energetics (DREIDING plus POLARIS) and structures (Figs. 4, 5, 6 ) .
Agreement of DPG-MC-predicted polyelectrolyte structures with polyelectrolyte theory and experimental data
Of major importance is the feasibility of DPG-MC and the counterion-pair approach for predicting polyelectrolyte conformations in solution. Using poly-~-Glu as a structural benchmark, we found a strong conformational preference toward righthanded a-helical structures (Fig. 6A,B) . This is consistent with experimental observations (Ascoli & Botre, 1963; Fasman et al., 1964; Krimm & Mark, 1968; Sat0 et al., 1993) . For Asp,, in the presence of Na+, we found only a small percentage (< 10%) of dihedral pairs in the @, $ region of a-helix (Figs. 7,8A ; Table 3 ). This is consistent with experimental CD studies on poly-~-(Asp) polypeptides, which found only a small degree of ordering (partial helicity) at low pH or in the presence of counterions (apparently due to steric repulsion effects) (Berger & Katchalski, 1951; Ascoli & Botre, 1963) . Instead, we found @-turn and 0-strand structures to be preferred (> 10%). Recent experiments show that (Asp),,, (PSer-Asp),, and (PSer),, repeat sequence regions in the biomineralization template protein, bovine dentine phosphophoryn, exhibit pH, thermal, and solvent denaturability consistent with tertiary folding of these sequences induced by counterion condensation at low ionic strength (Evans, 1993; ; J.S. Evans & S.I. Chan, manuscript in prep.). As the ionic strength increases, theory and experiment suggest that charge shielding decreases the electrostatic contributions to the persistence length or bending flexibility of a polyelectrolyte (Le Bret, 1982) . Full stretching of flexible polyelectrolytes will not normally occur under most solution conditions (Seidel, 1994) . In other words, the polyelectrolyte in the presence of counterions should adopt a more condensed solution conformation. Indeed, we observed this for the conformational ensemble of Asp-and PSer-containing peptides (Figs. 7,  8A ,B,C). This suggests that such microscopic treatments of polyelectrolyte counterion-pairing can provide a feasible approach for studying the structure of polyanionic sequence repeats. This method for determining polyelectrolyte sequence conformation may also serve as a useful adjunct for NMR and X-ray structure determination methods of proteins containing these sequences.
Conformational snapshots of polyelectrolyte lo west energy conformers
One goal of this investigation into the low-energy conformers was to develop ideas about the conformational transitions for polyelectrolyte sequences in solution under conditions of counterion condensation. The distribution of 4, $ dihedrals and the accompanying ball-and-stick figure representations (Figs. 6 , 7,  8A ,B,C) indicate that various peptide sequences utilize turn, helix, and &strand or other secondary structures in different combinations to achieve a balance of electrostatic forces. For example, Asp,, and PSer,, sequences both feature similar proportions of a-helical structure but slightly different percentages of @-strand and @-turn dihedral pairs (Figs. 7, 8A,C; Table 3 ). No evidence for Asp,, hairpins or PSer20 supercoils was found. In comparison, the (PSer-Asp),, sequence forms a superturn or C-shaped structure (Fig. 8B) featuring a larger percentage of 0-turn structure than either the Asp or PSer sequence and a lower percentage of a-helical structure (nearly 50%). This raises the possibility that the conformational ensembles for various polyanionic sequences in solution may be conservative. For example, in solution (Asp), might fluctuate only between different types of large-turn coil structures but would avoid the formation of a C-shaped hairpin conformation. The reverse would be true for (PSer-Asp), . This restriction of conformational space may determine the electrostatic properties for each polyelectrolyte sequence.
Significance of polyanionic sequence clusters
For most proteins described in Table 1 , it has been demonstrated o r suggested that these polyanionic sequences are involved in metal ion interactions (Weiner & Hood, 1975; Weiner, 1983; Noda et al., 1984; Caber et al., 1988; Scott et al., 1988; ZarainHerzberg et al., 1988; Kerr et al., 1991; Sabsay et al., 1991; Gorski, 1992; George et al., 1993) . Our observation that the conformations depend upon polyanionic amino acid sequence may have some bearing on the solution behavior and cation binding properties of such polyanionic sequence domains, perhaps by modulating the charge density in specific regions of the sequence. One example can be cited in support of this hypothesis: the alkaline pK, shifts observed for certain Asp clusters in phosphophoryn (Evans, 1993; . This shift arises as a direct result of neighboring PSer residues exerting short-range electrostatic stabilization of protonation-deprotonation events at adjacent Asp carboxylate groups. Furthermore, each sequence cluster in phosphophoryn (PSer,, (PSer-Asp),, Asp,) exhibits different affinities of divalent cations and a sequential cation loading phenomenon . Thus, by subtle variations in the anionic sequence composition of a polyanionic domain, the tertiary folding of the domain may be changed in such a way as to bring about variation in oxoanion density. Consequently, variations in metal ion coordination, hydration, protein-protein interactions, or protein-nucleic acid interactions can occur. These studies indicate that molecular modeling can assist in predicting which specific anionic amino acid sequences give rise to particular conformational folds.
The counterion model utilized in this study could be modified to mimic conditions of low ionic strength where side-chain charge repulsion occurs. This may be accomplished in the simulations either by removing selective counterions, or by modifying partial atomic charge assignments on either the metal atom or the side-chain atom types. In this way, polyelectrolyte conformation and the resulting effects on pK,'s (Manning & Holtzer, 1973) could be examined in greater detail. Similarly, the effects of different counterions on charge shielding and polyelectrolyte conformation could be studied by these methods. The DPG-MC algorithm, along with the counterion ion pair model, could also be applied to conformational analysis of nonbiological polyelectrolyte polymers in solution. Further studies into these possibilities are currently in progress.
Materials and methods
All calculations presented here were performed using a modified version of BIOGRAF and version 3.22P of POLARIS (Molecular Simulations, Inc., Burlington, Massachusetts) running on Silicon Graphics workstations (R4400 processor). Most simulations used the DREIDING force field (Mayo et al., 1990) , but the AMBER force field (Weiner et al., 1986) was used for some comparisons. The protein data set H64 was utilized for generating dihedral probabilities in our simulations (Mathiowetz, 1993; Evans et al., 1995) . A full description of the implementation of the DPG-MC program is given elsewhere (Evans et al., 1995) . Torques are not used in the DPG-MC method but are necessary for the conjugate-gradients internal-coordinate energy minimizer used to optimize the structures produced by the Monte Carlo simulations.
Description of polypeptides
The polyelectrolyte sequence peptides p o l y -~-( G l u )~~, poly-^-(Asp)zo, poly-~-(PSer),~, and poIy-L-(PSer-Asp),, were constructed in the extended backbone conformation ($, 4 = 180"; x = 60"), such that consecutive residues of the peptide were anticonformers relative to one another. We established from previous Monte Carlo studies that recognizable secondary structures will form in peptides with 5 2 0 residues (Evans et al., 1995) . The Ser residues were modified by the base fragment addition of H3P04 to form PSer, with subsequent removal of superfluous 0 and H atoms to create the deprotonated o-monophosphate ester. The peptides were capped by the addition of an acetyl group to the N-terminal a-NHz group and conversion of the C-terminal a-carboxylate group to the amide form. Explicit hydrogen atoms were included for the side-chain methylene and the peptide backbone, acetyl, and C-terminal amide for all peptides. The COO-form was generated by deletion of the acid hydrogen from the corresponding side-chain carboxylate group.
Nu solvation
Anion sites such as Asp and Glu carboxylate and PSer monophosphate ester would cause reordering of solvent molecules around each peptide. This solvation can be simulated by using a Iarge number of explicit water molecules and counterions (Smith & Pettitt, 1994) . However, explicit water greatly slows the conformational search. We use instead a Na' near each anionic oxygen atom to represent aqueous solvation. This Na+ partially represents real counterions and partially the solvation of these anionic sites. For the purposes of generating conformations, each Na' is considered a site-binding counterion species associated with the peptide. This situation mimics the condition of saturation (i.e., it accounts for charge screening due to the omnipresence of counterions at each charged peptide site) (Manning, 1969a (Manning, , 1969b (Manning, , 1978 Manning & Holtzer, 1973) . However, the Na ion is free to reposition itself on the peptide structure during each phase of energy minimization that occurs after each Monte Carlo dihedral motion and during the quenching for each best accepted structure. Thus, in the fully deprotonated form, we have one Na' per COO-and two Na+ per PO:-. That is, the system is minimally saturated with Na, and the net molecular charge of the Na paired peptide complex is neutral. (Note that we have not tried to model condensation, i.e., ions occupying a common free volume extending over the entire length of the polyion [Manning, 1969a [Manning, , 1969b [Manning, , 1978 Heath & Schurr, 19921.) For Asp and Glu, we started with a single Na ion in the 0-C-0 bond plane of the carboxylate group, and for PSer, we started with a Na ion in each of the 0-P-0 bond planes as shown in Figure 1 . Use of the Na-0 bridging geometry is supported by structural evidence from databases compiled for carboxylates and phosphates (Baur, 1974; Carrel1 et al., 1988) ; this geometry has also been determined to be optimal for phosphate groups as determined from HF ab initio calculations (Pullman et al., 1978a (Pullman et al., , 1978b Liebmann et ai., 1982; Chen & Rossky, 1993) . The atomic charges for each Na:peptide complex were assigned using the QEq method (Rap@ & Goddard 1991) with a total charge of zero. Mean charges for the various Na:peptide complexes are shown in Figure 2 . Partial charges for the peptide backbone atoms are also given in Figure 2 . The extended structures of the Na:pcptide complexes were then minimized to convergence prior to the DPG-MC runs (see below).
DPG-MC simulations of polyelectrolyte peptides
For the purposes of determining torsional motion, the DPG-MC procedure defines each dihedral 4 , $ pair side chain as a branching structure off of the peptide backbone (Abe et al., 1984) . This branching feature permits the assignment of a nonbonded species, such as a cation or water molecule, to a specific side-chain residue. In this instance, each side-chain Na' ion was designated the last atom(s) of that particular branch structure off of the backbone. This side-chain-metal pair then remains associated via a minimized nonbonding distance throughout the dihedral motion and over the course of the conformational search. Although this approach is simplistic and qualitative in nature, it does provide a unique approach to maintaining nonbonding and electrostatic interactions with metal ions and side-chain Iigand atoms. It also allows these interactions to influence the outcome of the global conformational minima search.
Using the minimized COO-Na+-peptide extended structure as the initial conformation, we carried out DPG-MC simulations at Boltzmann temperatures of 0, 300, 5 0 0 , 1,000, and 2,000 K.
Dihedral backbone pairs (+, 4 ) or side-chain x were selected at each step of the simulation as described in our earlier investigations (Evans et al., 1995) . For these peptide structures, we utilized 2 x lo5 steps in each temperature run, for a total of 1 X lo6 conformers generated for each peptide. Probability grids based on 5" increments were utilized. The dihedrals were incremented one pair at a time for each step, with the pairs selected randomly at each step of the Monte Carlo. The energy was calculated without nonbond cutoffs at each Monte Carlo step prior to the Metropolis evaluation. Accepted structures represent the lowest energy minima generated during a particular temperature run. From this set, the DPG-MC program determines the overall best conformer, which was then subjected to Cartesian minimization to convergence as described below.
Representing electrostatic forces and simulations in the presence of solvent
In the DREIDING force field (Mayo et al., 1990) , the total potential energy function consists of the valence (EvGl) and nonbonding potential energy function (ENB):
where E,, EudW, and E,, denote the electrostatic, van der Waals, and hydrogen bonding potential energies between nonbonded atoms, and Here, Q, is the charge of atom i in electron units, RiJ is the distance in angstroms, E is the dielectric constant, and the constant 322.0637 converts units SO that the energy is in kcal/mol. To include the effects of screening by solvent water, the E term is expressed as (Mayo et al., 1990 ):
This should yield a good first approximation for short-range metal-side-chain and side-chain-side-chain electrostatic interactions (i.e., 59.0 A) (Bellido & Rullman, 1989) , while permitting long-range electrostatic interactions (Bellido & Rullman, 1989) .
In order to establish the appropriate value of eo in Equation 4, we considered values of 1,4,10,40, and 80 (such values have been used for implicit modeling of bulk solvent effects on mechanistic and dynamic simulations [Warshel & Russell, 1984 , 1985 Matthew, 1985; Harvey, 1989; Solmajer & Mehler, 1991; Lee et al., 19931) . The use of Equation 4 with = 1 will overestimate electrostatic forces (Smith & Pettitt, 1992 , 1994 , whereas eo = 80 should underestimate these forces (Matthew, 1985) .
Because the calculated electrostatic energy of the system depends on eo, we need some criteria for selecting among the accepted structures for various values of to obtain a best conformer. To do this, we used the PDLD of colleagues (Warshel& Russell, 1984, 1985; Lee et al., 1993) to evaluate the free energy of solvation (AAGr') for each accepted DPG-MC structure. These calculations were carried out using the POLARIS force field (Lee et al., 1993 ) (version 3.22P, Molecular Simulations, Inc.). This model simulates solvation free energy in polar solvents via the Langevin function for average orientations of the solvent dipoles around charged atoms together with two additional solvation terms. Specifically, AGLongeuin is the enthalpy energy arising from the interaction of the water dipoles with the solute (Lee et al., 1993) , p i is the kth effective Langevin dipole, and [ f is the local field on the kth dipole. The Ace,, term is the residual bulk energy of the solvent, 6 is the radius of the solvent sphere, and R is the distance of the ionized group from the center of the sphere. Finally, ( -TAS) is the entropy contribution to the solvation free energy. Here, F ( t ) is a function of the electric field on the ith Langevin dipole at the solvation surface, and A , B, and Care scaling constants obtained from studies of the free energies of transfer of different molecules from hydrocarbons to water (Lee et al., 1993) . For each Na+-peptide, the QEq charge assignments were utilized for dipole determinations, and a two-region model was defined (Lee et al., 1993) : Region I contains the peptide, Region I1 is nonexistent, and Region I11 contains the water dipole grid in which the peptide is centered (Warshel & Russell, 1985) . The Region I11 solvent sphere was defined by an outer radius of 30 A, an inner radius of 12 A, and an inner and outer polarizable grid spacing of 1 A and 3 A, respectively. No cutoffs were used. The value of 30 A accommodates all of the DPG-MCgenerated structures in our study. The Boltzmann-averaged solvation properties were calculated for each peptide using small random displacements of the Langevin grid center and averaging over five determinations.
